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Interactions of uranium with bacteria and kaolinite clay
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Abstract

We assessed the accumulation of uranium (VI) by a bacterium, Bacillus subtilis, suspended in a slurry of kaolinite clay, to

elucidate the role of microbes on the mobility of U(VI). Various mixtures of bacteria and the koalinite were exposed to solutions

of 8�10�6 M- and 4�10�4 M-U(VI) in 0.01 M NaCl at pH 4.7. After 48 h, the mixtures were separated from the solutions by

centrifugation, and treated with a 1 M CH3COOK for 24 h to determine the associations of U within the mixture. The mixture

exposed to 4�10�4 M U was analyzed by transmission electron microscope (TEM) equipped with EDS. The accumulation of

U by the mixture increased with an increase in the amount of B. subtilis cells present at both U concentrations. Treatment of

kaolinite with CH3COOK, removed approximately 80% of the associated uranium. However, in the presence of B. subtilis the

amount of U removed was much less. TEM–EDS analysis confirmed that most of the U removed from solution was associated

with B. subtilis. XANES analysis of the oxidation state of uranium associated with B. subtilis, kaolinite, and with the mixture

containing both revealed that it was present as U(VI). These results suggest that the bacteria have a higher affinity for U than the

kaolinite clay mineral under the experimental conditions tested, and that they can immobilize significant amount of uranium.
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1. Introduction

The migration of uranium from uranium-mining

operations and the disposal of radioactive wastes are

major environmental concerns (Buck et al., 1996;

Airey and Ivanovich, 1986). Uranium typically occurs
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as hexavalent uranyl aqueous complexes in oxic

environments (Langmuir, 1978). The mobility of

U(VI) is determined by its interactions with soils

and subsoils composed of abiotic and biotic compo-

nents, principally minerals and bacteria, respectively

(Dent et al., 1992; Ticknor, 1994; Waite et al., 1994;

Sylwester et al., 2000; Fowle et al., 2000; Haas et al.,

2001; Francis et al., 2004). There have been extensive

studies done on the accumulation of U(VI) by bacteria

(Lovley et al., 1991; Fowle et al., 2000; Haas et al.,

2001; Brantley et al., 2001; Francis et al., 2004) and

by minerals (Dent et al., 1992; Ticknor, 1994; Waite et

al., 1994; Sylwester et al., 2000). However, as far as

we are aware, little is known about U sorption in a

mixture of bacteria and minerals.

Studies of U(VI) interactions with bacteria showed

that U(VI) may be associated with the functional

groups on the cellular surface (Fowle et al., 2000;

Haas et al., 2001; Francis et al., 2004), precipitated

to form uranyl-containing minerals (Macaskie et al.,

1992; Young and Macaskie, 1995; Jeong et al., 1997),

or reduced to insoluble U(IV) (Lovley et al., 1991;

Francis et al., 1994; Suzuki et al., 2002). Studies with

alumino-silicates minerals revealed that U(VI) is

absorbed by the reactive groups of the minerals at

pHs between 3 and 5. Therefore, an understanding of

the behavior of U(VI) in soils and rocks requires a

detailed knowledge of its interactions not only with

the bacterial and mineral surfaces, but also within a

mixture of bacteria and minerals.

In this study we investigated the accumulation of U

by mixtures of Bacillus subtilis and kaolinite. B. sub-

tilis and kaolinite were chosen because (a) both are

ubiquitous in the terrestrial environment; and, (b) their

surfaces are well characterized. We also determined

whether U showed preferential affinity to bacteria,

kaolinite clay or in a mixture of both. In addition to

carrying out sorption and desorption experiments, we

examined the association of U by transmission elec-

tron microscopy (TEM).
2. Materials and methods

2.1. Microorganism, kaolinite, and U solution

B. subtilis (IAM 1069) was obtained from the

Institute of Molecular and Cellular Biosciences, The
University of Tokyo. This strain is a Gram-positive,

rod-shaped heterotrophic bacterium. The cells were

grown for 40–48 h in 500-mL conical flasks at 30

8C in 250 mL sterilized liquid growth medium con-

taining meat extract (3 g L�1), polypeptone (5 g L�1),

and NaCl (5 g L�1). Cells at the stationary growth

phase were harvested by centrifugation at 2500�g for

10 min, and washed twice by 0.1 M NaCl. They

finally were resuspended in a 0.01 M NaCl solution

and immediately used in the experiments. An aliquot

of the cell suspension was centrifuged and dried over-

night at 70 8C to determine the dry weight of the cells

in the stock suspension.

Commercial kaolinite from Nihon Chikagaku-sha

Co. Ltd., Kyoto, Japan was used. Kaolinite was the

only mineral identified by X-ray powder diffraction.

The specific surface area of the kaolinite was 26.4 m2

g�1, assessed by the Brunaure Emmett Teller (BET)

method. The kaolinite was washed twice with distilled

deionized water and suspended as a slurry to a con-

centration of 100 g L�1.

Natural U stock solutions of different U concentra-

tions were prepared by dissolving UO2(NO3)2d 6H2O

in 0.01 M NaCl. The 233U isotope was added to the

natural U stock solutions to achieve the activity re-

quired for radiometric measurements.

2.2. Accumulation experiments

The accumulation of U(VI) by biotic and/or abiotic

components depends on the chemical species of

U(VI). At pHs between 3 and 5, U(VI) is present

predominantly as dissolved U(VI)O2
2+ species (Suzuki

and Banfield, 1999). In solution above pH 7, its major

chemical species are uranyl carbonate complexes; a

small portion of U(VI) can be precipitated to form

uranyl hydroxides (Langmuir, 1978). We choose a

solution at pH 4.7 to avoid the precipitation of

U(VI) hydroxide and formation of U(VI) carbonate

complex species.

To explore the accumulation of U(VI) in mixtures

of B. subtilis and kaolinite, we exposed mixtures

containing 38 g L�1 kaolinite and 0, 0.19 (0.5% in

dry weight percent fraction), 0.38 (1%), 2.0 (5%), or

4.2 g L�1 (10%) of B. subtilis to an 8�10�6 M

U(VI) solution at pH 4.7F0.1 for 48 h . The mixtures

containing 38 g L�1 kaolinite and 0, 0.04 (0.1%),

0.19 (0.5%), 0.38 (1%), 1.2 (3%), or 2.0 g L�1 (5%)



Fig. 1. Percent fractions of U accumulated by mixtures containing

different amounts of B. subtilis and kaolinite from U(VI) solutions

of 8�10�6 and 4�10�4 M. Bars show the range between high and

low values.
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of B. subtilis were contacted with a 4�10�4 M

U(VI) solution for 48 h at pH 4.7F0.1. Samples

containing 4.2 g L�1 B. subtilis but no kaolinite or

kaolinite without the bacteria were similarly exposed

to the two U(VI) solutions. The pH of the solutions

was adjusted by adding 1 M NaOH and 1 M HCl

solutions at the start of the experiments, and was

readjusted at 2, 18, and 26 h later. The final pH

was 4.7F0.2. The ionic strength of the U solution

was adjusted to 0.01 M with NaCl. Duplicate sets of

accumulation experiments were carried out at 25 8C
in polypropylene centrifuge tubes which have been

previously washed with a 0.1 M HClO4 solution and

rinsed with deionized water. At the end of each

experiment, 5-mL supernatant was removed for mea-

suring U concentration and pH.

Forty-eight hours after exposure to U solutions, the

bacteria and kaolite mixtures were separated from the

solutions by centrifugation at 6000 rpm for 10 min

and washed repeatedly with deionized water to re-

move any U-bearing solution retained through surface

tension. Note that U removal by washing with deio-

nized water was less than 3% of the total U. Then, a 1

M CH3COOK solution at pH 4.7 was added to each of

them, and they were left for 8 h.

After centrifuging the CH3COOK solution at 6000

rpm for 10 min to separate them from the mixtures, the

concentrations of U in the CH3COOK solutions were

measured with a liquid-scintillation analyzer with

alpha/beta discrimination (Packard Tri-Carb 2550TR/

AB) using liquid-scintillation cocktails (Packard Ulti-

ma-Gold AB and F). The desorbed fraction of U was

normalized to 100 when all of the sorbed U was

removed with the CH3COOK. A TOA HM-30S pH

meter with a combined electrode of TOA GS-5015C

was used to measure the pH of the solutions.

The oxidation states of U accumulated on B. sub-

tilis, kaolinite in the mixture containing 2.0 g L�1 B.

subtilis and 38 g L�1 kaolinite exposed to a 4�10�4

M U(VI) solution at pH 4.7 were analyzed by X-ray

absorption near edge structure (XANES). The U L3-

edge (̃17166 eV) spectra of powder samples of urani-

nite (UO2) and UO2(OH)2 precipitates were used as

the standards for U(IV) and U(VI), respectively. Data

on the amount of U accumulated by B. subtilis, kao-

linite, and the mixture were collected at beam line 27B

in the Photon Factory of High Energy Research Orga-

nization (Tsukuba, Japan). Spectra were measured in
the fluorescence mode for all samples using a 7-ele-

ments Ge array detector interfaced to single-channel

analyzers. To prevent the oxidation of U(IV) to U(VI)

during transportation to the Photon Factory, the pre-

cipitates were placed in a sealed plastic bag that, in

turn, was put into an outer plastic bag containing an

oxygen absorbent. The outer bag made of material

preventing the penetration of oxygen was removed

just before making the XANES measurements.

The samples containing 2.0 g L�1 B. subtilis and

38 g L�1 kaolinite exposed to a 4�10�4 M U(VI)

solution at pH 4.7 were observed by transmission

electron microscopy (TEM) (JEOL JEM-2000FXII),

operated at 200 kV under standard conditions. Un-

stained samples were prepared by drying diluted

(�200) aliquots of suspension on holey carbon

films (a whole mount). We employed a NORAN

EDS system (NORAN Series II), mounted on electron

microscope and operated at 200 kV to semi-quantita-

tively identify the elements.
3. Results

3.1. Adsorption and desorption of U by the mixtures of

B. subtilis and kaolinite

Fig. 1 shows the accumulated fraction of U by a

mixture of B. subtilis and kaolinite as a function of

dry weight percent fraction of B. subtilis. Kaolinite

adsorbed 45% of the uranium from a U solution of

8�10�6 M; the amount rose to 95% with an increase
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in the fraction of B. subtilis up to 5%. In a solution

containing of 4�10�4 M uranium, approximately

10% of U was removed by kaolinite, and about 40%

by B. subtilis. Removal of uranium increased to ap-

proximately 30% with increasing the fraction of B.

subtilis up to 5% in the mixtures.

Studies of the desorption of U by CH3COOK from

the 8�10�6 M U solution (Fig. 2a) indicated that

approximately 80% of the accumulated U was des-

orbed from the kaolinite sample; approximately 55%

was desorbed from B. subtilis sample, and a similar

amount from the mixture containing 95% kaolinite

and 5% B. subtilis. With U at 4�10�4 M, approxi-

mately 80% was desorbed from the sample containing

kaolinite alone, while about 65% was removed from

the sample containing 95% kaolinite and 5% B. sub-

tilis and from the sample containing B. subtilis only
0

20

40

60

80

100

Sorbed Desorbed
Kaolinite:0.1g
B. subtilis: 0 g 

Sorbed
Kaoli
B. sub

F
ra

ct
io

n 
of

  U
 

0

20

40

60

80

100

Sorbed Desorbed Sorbed
Kaolinite: 38 g L-1

B. subtilis: 0 g 
Kaolin
B. subt

F
ra

ct
io

n 
of

  U

Fig. 2. Percent fractions of U of 8�10�6 M (a) and 4�10�4 M (b) adsorb

kaolinite of 38 g L�1, the mixture containing kaolinite of 38 g L�1 and B

fraction of U was normalized to 100 when all of the sorbed U was remov

values.
(Fig. 2b). The mean values of the fraction desorbed

were found to be statistically different by using Stu-

dent’s t-test with a 95% confidence.

These results indicated that adding B. subtilis to

the kaolinite slurry enhanced U accumulation. Fur-

thermore, the higher the numbers of B. subtilis cells

in the mixtures the lower was the desorption of U

suggesting that U was more tightly bound. The

sorption and desorption behaviors of U at 8�10�6

M resembled those at 4�10�4 M, even though the

amounts of U sorbed and desorbed differed at dif-

ferent concentrations of U.

3.2. TEM observation and EDS analysis

Whole mounts of samples of the mixtures ex-

posed to 4�10�4 M U(VI) solution showed clear
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contrast in the TEM image without further staining

(Fig. 3a). Neither the B. subtilis cells nor the

kaolinite particles showed any evidence of a pre-

cipitate on their surfaces. The EDS spectrum of B.

subtilis cells (Fig. 3b) showed a distinct peak of U

Ma and small peaks of Al Ka, Si Ka, P Ka, and

S Ka. By contrast the EDS spectrum of the kao-

linite particles revealed distinct peaks of Al Ka and

Si Ka whereas no peak of U Ma was detected.

Similar EDS spectra were obtained for kaolinite and

B. subtilis at the five different positions depicted in

Fig. 3a. These results verified that almost all of the

U was associated with the cells of B. subtilis in the

mixture under the experimental conditions.

3.3. XANES analysis

Fig. 4 shows the averaged normalized XANES

spectra of the U(IV) and U(VI) standards and the

bacterium, the kaolinite, and the mixture after U
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Fig. 3. TEM image of the U accumulated mixture containing B.

subtilis and kaolinite mixture (a), and EDS spectra of B. subtilis and

kaolinite (b).
-
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accumulation; the spectra of the B. subtilis and kao-

linite were the same as that of the U-accumulated

mixture. The uranium L3-edge position of the mixture

was consistent with the edge position of the U(VI)

standard, indicating that the oxidation state of U in B.

subtilis, kaolinite, and the mixture was U(VI). Thus,

the preferential accumulation of U on to the bacteria

in the mixtures under the experimental conditions

could not be attributed to the reduction of U(VI) to

U(IV) during exposure.
4. Discussion

TEM and EDS analyses of B. subtilis and kaolinite

showed no evidence of precipitation of uranium on the

surface. However, rod-shaped uranyl-phosphate miner-

als (Renninger et al., 2001) and uraninite particles

(Suzuki et al., 2002) were observed around bacterial

cells by TEM. The inconsistency between our results

and those of Renninger et al. (2001) and Suzuki et al.

(2002) suggests that U precipitation is not a dominant

accumulation mechanism in the mixtures of B. subtilis

and kaolinite under the experimental conditions. No

uraninite formation is consistent with the XANES

analysis that oxidation state of U is VI.

The sorption of Sr(II) has been reported for the

mixture of bacteria and amorphous hydrous Fe-oxides

(HFO) (Small et al., 1999). The sorption isotherm

model analysis indirectly showed that Sr(II) was as-

sociated with bacteria and HFO in the mixture. The

present results showed the direct evidence of the
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preferential accumulation of U(VI) to the cell surface

of B. subtilis in the mixture of B. subtilis and kaolinite

clay. Thus, the accumulation behavior of U(VI) by the

mixture of B. subtilis and kaolinite clay differs from

that of Sr(II) on the mixture of bacteria and HFO.

The mode of accumulation of U(VI) could be due

to sorption by the functional groups present in the cell

surface of B. subtilis and on the edge sites of kaolin-

ite by precipitation to form uranyl-containing miner-

als or by reduction to insoluble U(IV). Others

reported that kaolinite accumulates U(VI) principally

by sorption on edge sites (Turner and Sassman, 1996;

Kohler et al. 1992). Our results indicate that the

accumulation of U(VI) by the mixture was neither

by reduction to U(IV) nor precipitation of an uranyl-

containing mineral. Thus, adsorption of U(VI) on the

surface of B. subtilis and kaolinite is the dominant

mechanism in the accumulation of U(VI) by the

mixtures. The preferential association of U(VI) with

B. subtilis in the mixture of B. subtilis and kaolinite

observed by TEM and EDS analyses (Fig. 3a and b)

is probably due to differences between their mechan-

isms of U(VI) sorption.

Kelly et al. (2002) showed by X-ray absorption

fine structure (XAFS) analysis that in B. subtilis

U(VI) is bound to a protonated phosphoryl group

at pHs below 3, but is increasingly bound to a

deprotonated carboxyl functional groups with in-

creasing pH. They suggested that fraction of U(VI)

binding to a protonated phosphoryl group is constant

at pHs between 1.7 and 4.8. These findings suggest

that U(VI) is associated with both protonated phos-

phoryl and deprotonated carboxyl groups on the cell

surface of B. subtilis under the experimental condi-

tions. This association is in good agreement with the

surface complex model study by Fowle et al. (2000)

for B. subtilis.

Using surface complex modeling to determine the

adsorption onto kaolinite, Turner and Sassman (1996)

and Kohler et al. (1992) suggested that U(VI) is

associated with silanol and aluminol groups at edge

sites. Kohler et al. (1992) pointed out that U(VI) is

mainly associated with the aluminol group. XAFS

studies of U(VI) sorption onto silica gels and silicic

acid indicated that uranyl undergoes inner-sphere sur-

face complexation (Reich et al., 1996, 1998). Surface

complexation and XAFS studies of U(VI) sorption

onto montmorillonite suggested that the association
of U(VI) with silanol and aluminol groups rises with

increasing pH.

These results suggest that U(VI) forms surface

complexes with the functional groups of the cellular

surface of B. subtilis and/or edge sites of kaolinite.

Approximately 80% of the accumulated U was des-

orbed with the CH3COOK solution from kaolinite at

both U concentrations, a result implying that the U

bound by the silanol and aluminol groups is deso-

rbable with CH3COOK. Our results agree with the

report by Yanase et al. (1996) that more than 98%

U(VI) was not adsorbed by the clay minerals of

chlorite and smectite in a 1 M CH3COONa solution

at pH 5.0 (Yanase et al., 1996). A much smaller

fraction of the sorbed U(VI) was removed by

CH3COOK from B. subtilis than from kaolinite

(Fig. 2a and b) suggesting that U(VI) is more tightly

associated with the functional groups on the surface

of B. subtilis than those on the edge sites of kaolinite

probably due to differences between their mechan-

isms sorption of U(VI). We assume that the U(VI)

complex with the carboxyl group should have nearly

the same stability constant as that with acetic acid

because of the structural similarity of these function-

al groups. Accordingly this supposition leads to the

idea that the U(VI) associated with carboxyl func-

tional groups could be desorbed with CH3COOK.

Therefore, the remaining fraction of U(VI) after

desorption from B. subtilis with CH3COOK might

be bound strongly to structures other than the car-

boxyl functional groups, i.e., phosphoryl groups on

the surface of B. subtilis.
5. Conclusions

The preferential association of U(VI) with B. sub-

tilis was observed by TEM and EDS analyses of a

mixture consisting of the bacterium and kaolinite.

Desorption of U(VI) with a 1 M CH3COOK solution

from a mixture of B. subtilis and kaolinite indicated a

tighter association with the former. Differences in the

functional groups able to bind U(VI) cause the pref-

erential association of U(VI) to B. subtilis rather than

kaolinite in the mixtures under the experimental con-

ditions. These results suggest that bacteria play an

important role in regulating the mobility of U in the

environment.
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